Abstract In atmospheric radio-frequency (rf) discharges, the plasma parameters, such as electron density, sheath thickness and sheath voltage, are not easy to be probed experimentally, while the electrical characteristics, such as impedance, resistance and reactance, are relatively convenient to be measured. In this paper we presented a simple theoretical model derived from the fluid description of generated plasmas without considering the circuit model, to investigate the relationship between the plasma impedance and plasma parameters. By introducing a relaxation frequency, the plasma impedance could be predicted by formulas presented in this study, and the mean electron density and sheath thickness can also be calculated from the measured or simulated impedance and reactance, respectively.
Introduction
In recent years, atmospheric pressure glow discharge sources have attracted an increasing attention due to their many advantages, especially without the need of expensive vacuum equipment [1, 2] . Among them atmospheric radio-frequency (rf) discharges can provide large-volume, homogenous and low-pressure plasmas, which are well accepted as ideal plasma sources [3−5] . Two distinctive discharge modes in atmospheric rf discharges, namely α mode and γ mode, have been observed in experimental and computational studies [6−8] . However, in the γ mode hot and constricted plasmas could be generated which are not suitable for many applications. Several effective ways, for example increasing the excitation frequency, reducing the electrode gap and pulse modulated, were proposed to enhance the discharge stability to avoid the mode transition [9−11] . On the other side, a variety of gas mixtures, such as He+O 2 , Ar+O 2 , and He+O 2 +H 2 O, were applied as the working gas to produce plenty of reactive species, especially reactive oxygen species, which are believed to play an important role in the arising plasma medicine [12−16] .
Compared to the low pressure plasmas, the high flux of reactive species plays an essential role in the applications of atmospheric plasmas [17] , and the plasma density and sheath thickness are very important parameters to understand the interaction of atmospheric plasma and the substrate [17, 18] . But how to get the electron density and sheath properties is not very easy at atmospheric pressure, because collisions usually take place within a picosecond timescale and the mean free paths are reduced to nanometers scale in atmospheric rf discharges [18] . However, usually the electrical characteristics are directly obtained by electrical measurements, which appears quite significant to get insight into the operating mechanisms of atmospheric plasmas. In rf discharges the plasma impedance could be used to monitor and optimize the plasma processes, and the understanding of the plasma impedance is of importance for raising the power coupling efficiency to plasmas, these have been discussed theoretically in detail at low pressure [19] . Then how to extract useful information of plasma parameters from the measured impedance is very helpful in many applications especially at atmospheric pressure. Although efforts have been made, the relation between electrical characteristics and plasma parameter is still far from fully understood at atmospheric pressure [20−23] .
In this paper a one-dimensional fluid model is adopted to investigate the relations between impedance and plasma parameters, by means of the introduced relaxation frequency the plasma impedance can be predicted, and the sheath thickness can also be estimated based on the simulation results, as well as the sheath voltage. The analytical results deduced from the model are also applied to gain deep insights into the properties of atmospheric rf plasmas. Section 2 gives a brief description of the fluid model used in this study, followed by the computational results and further discussion, a summary is obtained in section 4.
Description of physical model
The numerical model used in this study is based on a one-dimensional fluid description of atmospheric plasmas, and the high pressure operation usually allows the fluid model to simulate the rf discharges appropriately especially at a relatively large electrode gap [18] . The governing equations are briefly given below for completeness of this paper, and a more detailed description has been given in Ref. [24] . The dynamic behaviors of discharge plasmas are described by the continuity equations for electrons, ions and neutral species, as well as the Poisson equation
where N, Γ and S are the density, flux and the source term respectively, the indices e, i and n represent electrons, ions and neutral species, respectively, and E denotes the electric field in the electrode gap, ε 0 is the vacuum permittivity. Within the diffusion-drift approximation these fluxes can be written as:
where µ e and µ i are the electron and ion mobility coefficients respectively, D e and D i denote the diffusion coefficients of electron and ion. For neutral species only the diffusion item should be considered. From Eq. (3), the conductive current density in the discharge region is given by
where e is the elementary charge and the sum is over all the positive ions having density N i . In this model, by introducing the total current density I(t), only depending on the time, the current balance equation is obtained and could also be applied to calculate the electric field in the discharge region
Then the total current density obtained from the current balance equation Eq. (6), is expressed as
where d is the electrode spacing. And the total conduction current density I c as a function of time is given by
To calculate the electron temperature, the electron energy conservation equation is also solved, which is described in detail in Ref. [6] . The numerical scheme used in this paper is mainly taken from Ref. [25] , and a sinusoidal total current density is treated as the input parameter. The background gas is pure helium without any impurities, and the reactions in pure helium plasma and the corresponding reaction coefficients are mostly taken from Ref. [6] . In this study the electrode spacing is fixed as 2.0 mm, and the secondary electron emission is also taken into account as a constant coefficient of 0.03, since this value has only a minor influence on the discharge characteristics in the α mode [7] .
Results and discussion
In the framework of fluid description, the governing equations can be further simplified to gain more insights into the rf plasmas according to the characteristics of rf discharges at atmospheric pressure [18] . Due to the dominant effects of drift motion driven by the electric field in the discharge region, at atmospheric pressure the total conduction current I c can be further written by ignoring the diffusion terms
From Eq. (10) to Eq. (11) the mean value theorem for integration is applied, where N ξ (t) represents a electron density at a specific position which can not be clearly identified in accordance with the mean value theorem for integration. However, it should be mentioned that under some discharge conditions the diffusion items may play an important role in the sheath region due to the sharp density gradient for electrons and ions, but this does not seriously affect the discussion given here, as inferred from the computational comparison in Ref. [24] . And the simulation data presented in this study is obtained by solving the complete control equation set with the diffusion items considered, the simplified form without the diffusion terms is used only to investigate the discharge characteristics analytically and qualitatively.
Considering the final expression Eq. (12) of I c , the equivalent conductivity σ p of discharge plasma can be defined as
thus the plasma relaxation time τ p (t), which implies the time scale for the electrons generated in the gap to arrive at the electrodes, and corresponding relaxation frequency f p should be given as
the physics underlying these parameters have been explained in a more detailed way in Ref. [25] .
To compute the relaxation frequency, by combining Eqs. (12) and (17) f p can be calculated from
here I c (t) is obtained from Eq. (9), not Eq. (10). The relaxation frequency f p is depicted in Fig. 1 at a given current density of 50 mA/cm 2 , which also shows the total current density versus rf cycle. In an entire cycle, two separated branches of f p curve can be observed, and the whole curve is discontinuous at the instant when the applied voltage gets to nearly zero. For a given branch of f p , the relaxation frequency distributes symmetrically in terms of the zero point, and the period of relaxation frequency is not exactly the same as that of the current density. Usually the relaxation frequency is comparable with the driving frequency of 13.56 MHz, indicated in this figure by a dot line. But it should be noted that the maximum value of relaxation frequency may not be computed very accurately because it is usually achieved at the instant when the applied voltage is very close to the zero point, as seen in Fig. 1 and Eq. (18) .
By means of the relaxation frequency f p , from Eq. (7) the total current density can be further written as
Usually the total current density is treated as the input parameter with the form of a normal sinusoidal function [4, 6] , namely I(t) = I 0 sin (2πf t), where I 0 is the amplitude of total current density. This is because before and after the α-γ transition for a constant applied voltage multiple current densities could be observed for a given applied voltage [3, 7] . Then, the total current density can be given symmetrically
which clearly shows that f p represents the characteristic frequency of generated atmospheric plasmas, while f denotes the characteristic frequency of the power source. 
the solution of this differential equation, that's the applied voltage V (t), is obtained and written as
however, one can notice that the second item of righthand side in Eq. (23) decays very rapidly because the relaxation frequency f p is usually very large as clearly shown in Fig. 1 . Thus the applied voltage actually should be expressed as
with the amplitude of V (t) given by
where ϕ is the phase angle between the applied voltage and the total current density, represented by
which depends on the ratio of the excitation frequency f and the relaxation frequency f p . From Eqs. (24) and (25) , the applied voltage is not a normal sinusoidal function any more, as its amplitude is not a constant value after the ignition. Fig. 2 gives the calculated phase angle in two rf cycles at a current density of 50 mA/cm 2 . The phase angle is not a constant during a whole cycle, varying from −90
• to 90
• . The period of phase angle is not the same as that of the current density. Like the relaxation frequency, the phase angle curve in a cycle is separated to two branches at the instant when the relaxation frequency is nearly zero, and it approaches 90
• when the condition f p f is satisfied. Usually the values of phase angle can be directly measured in experiments at the instants when the current density or applied voltage reaches the amplitudes. As more powers are coupled into the discharge region, both the discharge current density and applied voltage increase. In terms of Eq. (18) the relaxation frequency at the instant when the total current density gets to the peak value, increases. This can partly be understood by the enhancement of the electron density from the definition of Eq. (17) . From Eq. (26) the phase angle should reduce with relaxation frequency, given in Fig. 3 , where the phase angle decreases rapidly initially after the ignition, then changes moderately, which well agrees qualitatively with the experimental measurements [5, 21] . From the simulation results, the amplitude of applied voltage and current density, namely the voltage and current characteristics, can be obtained, as well as the phase angle at the time when the current density peaks. A summary of the plasma impedance with increasing current density is shown in Fig. 4 , where the resistance and reactance are displayed as well. Before the discharge is ignited, the whole discharge system is capacitive and the impedance is almost equal to the reactance. But after the breakdown, at the onset of the α mode a large load impedance can be observed with only a small current density going through the electrode gap. With more power coupled into the plasmas plenty of electrons and ions are generated in the discharge region and a large conduction current density forms across the gap, resulting in a decrease in the plasma impedance, as seen in Fig. 4 . In addition, the resistance increases and eventually becomes very close to the impedance, even significantly larger than the reactance as the current density rises, indicating that the discharge has become more resistive. Fig.4 Impedance, resistance, reactance and predicted impedance as a function of RMS current density Using Eq. (25), the plasma impedance can be directly given by
thus, the plasma impedance could be predicted from the values of relaxation frequency and frequency based on Eq. (28), especially when the discharge is ignited with the condition f p f satisfied, the plasma impedance is directly related with relaxation frequency. And the predicted impedance is also captured in Fig. 4 as a dash line, where it shows a reasonable agreement with the simulated curve obtained by solving the whole control equation set. After the ignition with rising electron density, Eq. (29) also could be used to infer the impedances when the condition f p f is satisfied, as given in Fig. 1 . The impedance is almost unchanged before the breakdown, then decreases with the current density, and the increase in relaxation frequency as the current density rises should be response to the reduction in the plasma impedance. The predicted value is usually smaller than the impedance after the ignition.
Usually, the electron density generated in atmospheric discharges is not easy to be measured experimentally, in particular the electron density lower than 10 12 cm −3 is difficult to be directly measured, compared to the case of low pressure [17] . As we know, the impedance can be probed directly in experiments, thus how to extract the useful information of electron density from impedance becomes an interesting problem, and at low pressure many valuable results have been revealed [19] . As the driving frequency increases under a constant power density, the applied voltage decreases while the current density increases [24] , thus the plasma impedance can be inferred to rise significantly. The simulated impedance is given in Fig. 5 at a constant power density of 50 W/cm 3 as well as the resistance, and obviously the resistance is a little smaller but very close to the impedance. On the other hand, the computational results in Ref. [24] also suggest the relaxation frequency to increase with the excitation frequency. Then, by combination of Eqs. (17) and (29), the electron density can be obtained from
that is to say, the electron density could be inferred from the plasma impedance which can be measured in experiments directly, although here N ξ may not be identified clearly due to its uncertainty nature, it could be treated as the mean electron density [24] . Fig. 5 gives the mean electron density from the simulation by solving the whole governing equation set, and the predicted value from Eq. (30) using the simulated plasma impedance shows a reasonable agreement at a constant power of 50 W/cm 3 with increasing the excitation frequency. On the other side, the reactance usually indicates the properties of sheath region in rf discharges at low pressure [22, 23] . From the simulated impedance and phase angle, the reactance at 50 W/cm 3 as a function of excitation frequency is presented in Fig. 6 , where the reactance decreases rapidly initially, then drops modestly, this suggests that the sheath shrinks as the excitation frequency increases. In Ref. [3] a capacitive model is proposed to discuss the sheath characters in atmospheric rf discharges, the sheath capacitance C is estimated by
where A is the area of the electrode, here for a onedimensional model A should be an unit area, d s is the sheath thickness. The sheath thickness is usually obtained from the simulation data by estimating the distance over which the electric field reduces from its peak value to less than a given percentage of the peak electric field [7] , then the sheath voltage could be computed by integrating the electric field within the sheath region. The absolute value of reactance is usually given by
thus, in terms of the reactance X, the sheath thickness d s is represented as
consequently, with the measured or simulated reactance X the sheath thickness could be approximately estimated, which is depicted in Fig. 6 as well as the direct simulated values from the computational code, and a reasonable agreement can be observed. By means of the simulated values of reactance and total current density the sheath voltage can also be inferred, given by
Consequently, with the measured or simulated impedance the sheath properties can be approximately obtained.
Conclusions
The plasma impedance plays an important role in monitoring the plasma processes. In this paper we presented a simple analytical model derived from the fluid description of atmospheric plasmas, without considering the circuit model which is always used in the study on plasma impedance, to investigate the relation between electrical characteristics and plasma parameters. The key feature of this analytical model is the introduction of relaxation frequency f p , which links the electron density and excitation frequency. By means of the direct measured or simulated impedance and phase angle, the mean electron density, sheath thickness and sheath voltage can be approximately predicted from the present analytical model, this is very helpful to gain insights into the plasmas characteristics at atmospheric pressure without complicated plasma diagnosis, although the present analytical model does not provide an effective solution to accurately calculate the relaxation frequency.
